We utilized the well-validated University of Pennsylvania Smell Identification Test (UPSIT) to examine whether olfactory dysfunction occurs in ALS participants. After adjusting for relevant confounders in a multiple linear regression model, ALS participants scored significantly lower on the UPSIT compared with control participants, with an estimated mean difference of 2.31 points (P = 0.015). ALS participants also had twice the rate of olfactory dysfunction (microsmia or anosmia). This study suggests that olfactory dysfunction exists in ALS patients, which expands our understanding of the extramotor findings in ALS. Future investigations could determine whether there are correlations between olfactory dysfunction and specific ALS phenotypes.
Introduction
The concept of ALS as a purely motor neuron disease has been challenged by the discovery of cognitive impairment in up to half of patients with sporadic ALS. 1 ALS patients with frontotemporal dementia and executive dysfunction tend to have more rapid disease progression. 2 Therefore, the ability to detect other extramotor abnormalities in ALS patients could be helpful diagnostically and prognostically.
Olfactory dysfunction is a powerful biomarker in other neurodegenerative disorders such as Parkinson's disease (PD), Alzheimer's disease (AD), and frontotemporal dementia (FTD). 3, 4 It has been widely studied in PD and is now recognized as one of its initial symptoms, preceding motor symptoms by several years. 5 Olfactory deficits have also been identified in a small cohort of Guamanian patients with ALS, as well as those with parkinsonism, dementia, and the parkinsonism-dementia complex. 6 Interestingly, olfactory dysfunction has been shown to predict the degree of cognitive impairment associated with PD. 7 This relationship between olfaction and cognitive impairment is also shared with AD, where olfactory dysfunction is associated with an increased risk of dementia. 8 It is thought that olfaction is affected in these disorders due to the pathologic changes found in cortical areas associated with smell perception and identification. [3] [4] [5] Olfactory structures have also been found to be involved in ALS, with postmortem reports of TDP-43-positive inclusions in the olfactory bulb, hippocampus, and primary olfactory cortex. 9 Olfaction in ALS has been previously investigated in studies, with a small sample size, with mixed findings. A difference in smell identification has been reported in 17 patients with bulbar onset ALS compared with controls, as well as in 15 patients with motor neuron disease.
10,11 A more recent study found olfactory dysfunction in patients in the ALS-FTD spectrum, but not in ALS patients with normal cognitive function. 12 However, these studies included a small number of participants and did not account for additional confounders (such as smoking history or current nasal congestion) that may have affected 976 the results. Moreover, they did not explore the effect of other disease characteristics on olfaction.
To expand our understanding of the extramotor involvement in ALS, we tested the prevalence of olfactory dysfunction in a cohort of ALS patients, analyzed potential confounders of olfactory dysfunction, and studied whether olfactory dysfunction was correlated with ALS disease characteristics.
Methods Participants
Patients aged 18-80 with either sporadic or familial ALS and El Escorial criteria of possible, probable, laboratorysupported probable, or definite ALS were included in the study. Age-matched, unrelated controls without a history of neurological disease were obtained by enrolling spouses of ALS participants as well as by advertisement. The study protocol was approved by the Johns Hopkins Medicine Institutional Review Board. All participants gave written informed consent prior to inclusion in the study. ALS participants as well as healthy controls were administered the olfactory metrics and clinical history simultaneously and did not share results with one another to minimize bias.
Olfactory metrics
ALS and control participants were administered the University of Pennsylvania Smell Identification Test (UPSIT) as a measure of olfactory function. The UPSIT is a validated, easily administered test that has been widely used in other neurodegenerative disorders such as PD. 4 It consists of a "scratch and sniff" test where participants are exposed to 40 odors and asked to identify them from a list of options. The scores range from 0 to 40, with 40 indicating correct identification of all odors. Participants were categorized as normosmic, microsmic, or anosmic based on the sex-adjusted clinical impairment classifications used by the UPSIT scoring system. We also assessed basic history of common causes of olfactory impairment (e.g., smoking history, current nasal congestion, and head trauma) in ALS and control groups through a questionnaire. 13 
Clinical and cognitive evaluation
Disease duration, site of ALS onset (bulbar, spinal, respiratory), and a history of familial ALS were recorded as reported by the patients and family members. ALS participants were administered the ALS Functional Rating ScaleRevised (ALSFRS-R) and the ALS Cognitive Behavioral 
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Statistical analysis
Categorical variables were analyzed with chi-square test or Fisher's exact test based on sample size. Normally distributed continuous variables were analyzed using Student's t-test, and those that were not normally distributed were analyzed with Wilcoxon rank sum test. UPSIT score differences between controls and ALS participants were analyzed with a multiple linear regression model, with robust standard error estimates, adjusting for age, sex, smoking history, past head trauma, current nasal congestion, past nasal surgery, and a past exposure to potentially toxic chemicals. Linear regression models adjusting for age, with robust standard error estimates, were carried out to examine the relationship between UPSIT scores and ALS characteristics among the ALS participants. A P-value < 0.05 was considered to be significant. The analyses were performed with STATA version 12.
Results
A total of 78 ALS and 69 control participants were enrolled over a period of 6 months. Demographic data are detailed in Table 1 . There was no statistically significant difference in the age, race, and smoking history of ALS and control participants. There was a statistically significant difference in the gender, presence of nasal congestion, and exposure to potentially toxic chemicals among ALS and control participants. The gender differences are related to the fact that more men with ALS were enrolled in the study, with their female spouses enrolled as controls. Among the ALS participants, the most common site of onset was spinally followed by bulbar onset, with percentages of 71.80% and 25.64%, respectively. The majority of patients had sporadic ALS (87.18%) with the remaining carrying known mutations as outlined in Table 1 . The average ALSFRS-R and ALS-CBS performances were 36.6 AE 8.2 and 16.8 AE 2.7, respectively.
The mean UPSIT scores of ALS participants and controls were 31.8 AE 7.2 and 35.1 AE 3.0, respectively (P = 0.004). According to the UPSIT's score interpretation, eight ALS participants were anosmic, 26 had microsmia, and 44 were normosmic. Comparatively, no control patients were anosmic, 15 had microsmia, and 54 were normosmic. Taken together, 43.59% of ALS participants had olfactory dysfunction, as opposed to 21.74% of control participants (P = 0.003) (Fig. 1) .
The study also collected information for factors that could lower the UPSIT score, independent of ALS. While there were some differences in the summary statistics among the groups as indicated in Table 1 , we explored whether any of these or other factors could account for the differences in UPSIT scores between ALS and control participants. After adjusting for age, sex, race, smoking history, past head trauma, current nasal congestion, past nasal surgery, and past exposure to potentially toxic chemicals in a multiple regression, ALS participants scored significantly lower on the UPSIT as compared to control participants, with an estimated lower score of 2.22 points (P = 0.02) ( Table 2 ). Age was also found to be significantly associated with UPSIT-for every year increase in age, UPSIT score decreased by 0.12 points (P = 0.02). Gender and smoking history were not found to be significant in predicting UPSIT in our cohort.
We also explored whether UPSIT scores differed among a number of ALS subgroups. We performed a linear regression model that adjusted for age and excluded outliers in time since ALS symptom onset, time since ALS diagnosis, and ALS-CBS. There were no statistically significant differences among the groups when comparing the USPIT scores of ALS participants by time since ALS symptom onset, time since ALS diagnosis, site of onset, genetic diagnosis, FVC, ALSFRS-R (ALSFRS-R bulbar, motor, respiratory, and total scores), ALS-CBS, and Kings stage (Table 3) .
Discussion
The data from this pilot study demonstrate that ALS participants scored significantly lower on the UPSIT, a validated and widely used measure of olfactory dysfunction, and have twice the prevalence of olfactory dysfunction than controls. It is possible that the cortical changes found in ALS also involve olfactory regions and lead to olfactory dysfunction, as is speculated in AD, PD, and FTD. [3] [4] [5] This theory is consistent with previous postmortem reports of pathological TDP-43-positive inclusions in the olfactory structures of patients with ALS, including the olfactory bulb, hippocampus, and primary olfactory cortex. 9 Our findings support past studies that have shown a difference in olfaction baseline in ALS patients compared with controls.
10,11 Additionally, we have confirmed that olfactory dysfunction is present in a large cohort of ALS patients and is not limited to those with cognitive dysfunction. While age, gender, and smoking history are factors known to impact olfaction, our cohort only showed the effects of age. 15 Although gender did not influence UPSIT performance in our ALS cohort, one limitation of our study is that the majority of patients were male, and we did not have a gender-matched cohort. It is possible that smoking history was not found to be significant due to the small number of participants that are smoking currently. We did not examine the impact of olfactory dysfunction in this ALS population on taste, appetite, or other quality of life measures related to smell. While we investigated whether there was a correlation in ALS variables to account for differences in UPSIT score, we did not appreciate any significant differences within these ALS subgroups. Given that there are such data supporting olfactory dysfunction in patients with future cognitive impairment in other neurodegenerative disorders, and that up to half of ALS patients develop cognitive impairment, we had hypothesized that ALS-CBS would correlate with UPSIT. 1 However, because this is a pilot trial, we likely lacked the statistical power to observe true differences in these subgroups. Additional studies may allow us to investigate these correlations in ALS subgroups.
Taken together, this study extends previous studies that have shown extramotor involvement in ALS to include olfactory dysfunction. With validation and further investigation, measures of olfactory dysfunction could become useful in predicting ALS subtype, disease severity, or disease progression.
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